
Journal of Cellular Biochemistry 102:183–195 (2007)

Enhancement of Neovascularization
with Mobilized Blood Cell Transplantation:
Supply of Angioblasts and Angiogenic cytokines
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Abstract We have recently provided evidence that transplantation of G-CSF mobilized peripheral blood
mononuclear cells (M-PBMNCs) improves limb ischemia in diabetic patients. This method represents a simple, safe,
effective, and novel therapeutic approach for diabetic ischemia. Here we investigated the mechanisms by which
mobilized blood cells transplantation improves limb ischemia. Unilateral hindlimb ischemia was surgically induced in
streptozotocin-induced diabetic nudemice, and theywere intramuscularly injected 106M-PBMNCs, or human umbilical
vein endothelial cells (HUVECs), PBS controls. We compared their blood-flow restoration via laser Doppler perfusion
image (LDPI), angiogenesis via histological determination of capillary density. Physiological and histological assessment
revealed an acceleration of ischemia recovery and increase in capillary density with less apoptosis in M-PBMNCs group,
compared with those in HUVECs and PBS groups. In vivo noninvasive imaging and immunofluorescence revealed the
survival, migration, proliferation, differentiation, and incorporation of M-PBMNCs into foci of vessel networks. More
angioblasts were from blood cells after mobilization, and they also produced a number of antiapoptotic and
proagniogenic factors that promoted angiogenesis in vivo.M-PBMNCs and its conditionedmedium augmented the vessel
formation in matrigel plugs in vivo. Thus, transplantation of M-PBMNCs achieved therapeutic neovascularization via
supply of abundant angioblasts and angiogenic factors. J. Cell. Biochem. 102: 183–195, 2007. � 2007 Wiley-Liss, Inc.
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Diabetic foot syndrome, one of the severe
complications in the late stage of diabetes, is
now a major health problem, since the amputa-
tion rate is as high as 28,000 per year in the US
[Eckardt et al., 2003]. With time, endothelial
cell loss by apoptosis as well as arteriole and

capillary occlusion lead to microvascular rar-
efaction, which favors the formation of non-
healing limb ulcers and limits the benefit of
revascularization [Currie et al., 1998; Emanueli
et al., 2002]. To induce angiogenesis, investiga-
tors have delivered VEGF, bFGF, etc. [Folkman,
1998; Rajagopalan et al., 2001; Simons et al.,
2002]. Implantation of mononuclear cells that
are rich in angiogenic factors and cytokines [Iba
et al., 2002]may provide a cocktail of angiogenic
factors to provoke a reparative process. Thus,
combination of various angiogenic factors or
cell-based therapy may be preferable in future
therapies [Hasson et al., 2005].

At present, a great deal of interest has arisen
in the potential of cell-based strategies in
repairing of ischemic damage. Hematopoietic
progenitor cells (HSCs) that express CD34 have
been shown to behave as EPCs or angioblasts
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[Ingram et al., 2004], which when mobilized
from the bone marrow could participate in
postnatal neovascularization [Asahara et al.,
1997] by incorporate into the endothelium of
newly forming blood vessels in pathological and
nonpathological conditions [Takahashi et al.,
1999; Asahara et al., 1999a]. In diabetic mice,
the injection of exogenous CD34þ cells can
accelerate the rate of restoration of flow to
ischemic limbs [Schatteman et al., 2000].
Recently EPCs have now become clinically
relevant, and trials of therapeutic angiogenesis
based onautologousBM-MNCs transplantation
in patients affected by severe limb ischemia
have been recently carried out [Tateishi-
Yuyama et al., 2002].

Although BM-MNCs have been proven to be
effective in ischemic limbs, their collection
requires general anesthesia and a large amount
of marrow. Recently, Iba et al. demonstrated
that nonmobilized PBMNCs can augment
angiogenesis and promote ischemia recovery
[Iba et al., 2002]. However, compared with
BM-MNCs, implantation of nonmobilized
PBMNCs did not have a good therapeutic
effectiveness due to low CD34þ cell concentra-
tion [Tateishi-Yuyama et al., 2002]. In contrast,
different conclusion was drawn by Inaba and
colleagues that implantation of nonmobilized
PBMNCs was similar to that of BM-MNCs
[Inaba et al., 2002]. When reported, the results
differed largely among studies and the routes
of cell administration, some even being con-
troversial. Recently, we used mobilized peri-
pheral blood mononuclear cells (M-PBMNCs)
as a novel effective approach for severe diabetes
foot in patients [Huang et al., 2005], but the
exact mechanism of its action still remains
largely undefined. Therefore, this work is to
investigate the mechanism by which M-
PBMNCs transplantation improves tissue
ischemia.

METHODS

Cell Preparation

PBMNCs were manipulated according to
standard protocols approved by the Institu-
tional Review Board of CAMS & PUMC, and
written informed consent was obtained from all
healthy volunteers. M-PBMNCs were obtained
from healthy donors who received treatment
with rhG-CSF 600 mg/day by subcutaneous
injection for 5 days. The purities of PBMNCs

were>97%,asdeterminedbydifferential leuko-
cyte scattergram analysis (XE-2100, sysmex).
For vessel-like tubes formation, M-PBMNCs
labeled with 1, 10-dioctadecyl-30, 3, 30, 30-tetra-
methylindocarbocyanine labeled acetylated
low-density lipoprotein (CM-DiI, Molecular
Probes) were cocultured with human umbilical
vein endothelial cells (HUVECs) at 1:1 cell
number on matrigel and observed 24 h later.

Animals

All procedures were performed on male
athymic nude mice (7–8 weeks, 16–20 g;
Institute of Experimental Animal, Beijing,
China) according to Peking Union Medical
College Animal Care andUseCommittee guide-
lines. Mice received streptozotocin 40mg/kg i.p.
(Sigma) in 0.05 mol/L citrate buffer, pH 4.5,
daily for 5 days [Emanueli et al., 2002]. Only
mice showing consistently elevated fasting
glucose levels (250 mg/dl) and overt glycosuria
were included in the study. If mice lost more
than 20% of their body weight during the study,
we discontinued their analysis. For severe
ischemia model, diabetic mice were anesthe-
tized with 50 mg/kg sodium pentobarbital i.p.
and undergone femoral artery ligation. In the
next day,mice were transplantedwith PBS, 106

HUVECs,M-PBMNCs intramuscularly into the
adductor muscle (four sites) with the use of a
26-gauge needle.

Detection of Apoptosis

DNA fragmentation was determined by the
TUNEL assay (Roche). Deparaffinized 4 mm-
thick sections were stained with FITC-conju-
gated antibody and then counterstained with
DAPI (Sigma). Sections were examined in a
blinded fashion and TUNEL-positive cell den-
sity was calculated as number of apoptotic cells
per square millimeter of section.

Analysis of Limb Perfusion, Function
and Ischemia Damage

Laser Doppler perfusion image (LDPI, Lisca
AB, Linkoping, Sweden) was used to assess the
extent of blood-flow restoration in mice after
surgery. Measurements were done before sur-
gery and at day 1, 3, 7, 14, and 28 postoperation.
The images were subjected to computer-
assisted quantification of blood flow, and the
perfusion indexwas expressedas the ratio of left
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(ischemic) to right (nonischemic) limb blood
flow. A semiquantitative functional assessment
of the ischemic limbwas performed by a blinded
observer using a modification of a clinical score
[Kinnaird et al., 2004] (0¼ toe flexion, 1¼ foot
flexion, 2¼no dragging but no plantar flexion,
3¼ foot dragging). Ischemic damage was scored
according to three different outcomes: limb
salvage, necrosis, and autoamputation.

Histological Assessment of Ischemic Tissue

Deparaffinized 4 mm-thick sections of ad-
ductor muscles were stained with antimouse
CD31 (BD) followed by incubation with FITC-
conjugated secondary antibody. Five fieldswere
randomly selected for capillary counts and the
capillary/muscle fiber ratio was also deter-
mined. Frozen sections of 5 mm-thickness were
counterstained with CD31 antibody (DAKO) or
bandeiraea simplicifolia lectin 1(BS-1) lectin
followed by incubation with FITC or TRITC-
conjugated secondary antibodies. The capillary
ECs were counted under light microscopy to
determine the capillary density. To ensure that
capillary densities were not overestimated as a
consequence of myocyte atrophy or underesti-
mated because of interstitial edema, the capil-
lary/muscle fiber ratio was determined. For
identification of arterioles, sections were stain-
ed with a mouse monoclonal anti-a-smooth
muscle actin (a-SMactin, Sigma). Arteriole
density per square millimeter of section (n art/
mm2) was then calculated. AntiVEGF polyclo-
nal antibody (Santa Cruz), rabbit antibFGF
polyclonal antibody (Santa Cruz) was used to
detect the expression of angiogenic cytokine in
the ischemic tissue, followed by FITC conju-
gated second antibody for visualization. Non-
specific immunoglobulins were used as control
for the above immunohistochemistry.

Detection of Locally Delivered M-PBMNCs

Seven, 14, 28 days after Dil-labledM-PBMNCs
transplantation, mice were euthanized with an
overdose of pentobarbital, and ischemic tissue
was obtained. Multiple frozen sections of 5 mm
thick were prepared and examined under
fluorescence microscopy and frozen sections
of 100 mm were sequentially scanned using
a confocal microscope (Leica Microsystems,
GmbH). vWF, BS-1 lectin was used to detect
murine ECs. Both the rhodamine and fluores-
cein filters were used for each image collected

during the scanning process. For in vivo
proliferation of implanted cells, Ki67 antibody
was used (Sigma). For in situ differentiation
of M-PBMNCs, mice received an intravenous
injection of 100 mg FITC—Ulex europaeus
agglutinin (UEA) 30 min before euthanasia.

EPC Culture and Characterization

Mononuclear cells (106/mm2) were plated on
culture dishes (BD) coated with human fibro-
nectin (Sigma) and maintained in EC basal
medium-2 supplemented with EGM-2 MV sin-
gle aliquots (Clonetics, Cambrex). After 7 days
in culture, adherent cells (2–3� 105) were
immunostatined with antihuman antibodies:
CD31, vWF, VE-Cadherin, KDR, CD34, CD45,
CD3, CD19. Isotype matched mouse immuno-
globulin served as controls. Cells were quanti-
tatively analyzed using FACSCaliburTM and
CellQuest software (BD). Attached cells were
stained for the uptake of Dil-acLDL and the
binding of FITC UEA (Vector Lab). Dual-
positive cells were deemed EPCs and quantified
by examining five random microscopic fields
(�200).

Angiogenesis Assay Using the Matrigel Model

All procedures were performed on male
athymic nude mice (7–8 weeks, 16–20 g;
Institute of Experimental Animal, Beijing,
China) according to Peking Union Medical
College Animal Care andUseCommittee guide-
lines. Mice were anesthetized with 50 mg/kg
sodium pentobarbital i.p. and received in their
back 0.5 ml subcutaneous injection of either
MatrigelþVEGF (50 ng), Matrigelþ bFGF
(300 ng), Matrigelþ 1� 106 M-PBMNCs (CM-
Dil-labeled), or Matrigelþ 20 ml conditioned
media (CM). As for CM, M-PBMNCs (1� 107/ml)
were cultured in 1,640þ 10% FBS for 4 days
and CM were harvested and concentrated with
Centricon Centrifugal Filter YM-3 (Amicon
Bioseparations). After injection, the Matrigel
formed rapidly a subcutaneous plug that was
left for 21 days before removal. On day 21, the
micewere euthanized and the skinswere pulled
back to expose the Matrigel as previously
described [Iba et al., 2002]. Plugs were removed
and fixed with 3.7% formaldehyde at 48C
for 12 h, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (HE) or
antiCD31 antibody. The tissue sectionwas then
incubated with HRP-conjugated second anti-
body and visualized by DAB. Matrigel plugs
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were sampled systematically, obtaining three
successive sections of 5 mm, at the top, middle,
and bottom of each plug for microscopic exam-
ination.

Noninvasive In Vivo Imaging

Noninvasive invivo fluorescence imagingwas
applied to track Dil-labled M-PBMNCs after
transplantation. Mice were anesthetized with
pentobarbital 40 mg/kg i.p. and placed under
imaging device. Spectrally resolved images
were taken from 500 to 720 nm at 10 nm
intervals using a prototype of the CRI Maestro
in vivo imaging system [Gao et al., 2004]. The
resulting spectral data were unmixed using
software provided with the system (Nuance
1.3.0). To detect the angiogenesis in matrigel,
20 min before imaging, mice received an
intravenous injection of 100 mg FITC BS-1
lectin. The injected FITC BS-1 lectin will reach
the matrigel and stained the vessel-supplied
tissue green if vessels form in the matrigel.
Dil-labeled M-PBMNCs will be shown in red.

Distribution of Cells Delivered Systemically

To investigate the distribution of circulating
cells, we first labeled the cells with nuclei dye
(Hoechst 33342) followed by infusion intrave-
nously into the ischemic mice. Fourteen days
later, at 30 min before the animals were
euthanized, mice received an intravenous injec-
tion of 100 mg FITC BS-1 lectin. Tissues,
including heart, liver, spleen, lung, andmuscles
of ischemic/nonischemic limbs were then
obtained. Frozen sections of 5 mm thickness
were examined under fluorescence microscope.

RT-PCR

RNA was extracted from 106 M-PBMNCs
using Trizol (Invitrogen, Carlsbad, CA). Com-
plemental DNAwas synthesized usingMoloney
Murine Leukemia Virus Reverse Transcriptase
(M-MLV RT, Invitrogen) at 378C overnight.
PCR amplification of human VEGF, bFGF,
TGF-b, TNFa, IL-1b, and SDF-1 segments was
performed using Taq DNA plymerase in 50 ml
PCR reactionmixtures. b-actinwasamplifiedas
a reference. Their primers were as followed:
VEGF (forward, 50-CCA TGA ACT TTC TGC
TGT CTT-30; reverse, 50-ATC GCA TCA GGG
GCA CAC AG-30); bFGF (forward, 50-AAG AGC
GACCCTCACATCAA-30; reverse, 50-TCGTTT
CAG TGC CAC ATA CC-30); TGF-b (forward,
50-GCT GCT GTG GCT ACT GGT GC-30;

reverse, 50-CTT GTC ATA GAT TTC GTT GTG
GG-30); TNFa (forward, 50-CCT GGT ATG AGC
CCA TCT ATC-30; reverse, 50-CGA AGT GGT
GGT CTT GTT GC-30); IL-1b (forward, 50-AGT
GGC AAT GAG GAT GAC-30; reverse, 50-ATG
AAG GGA AAG AAG GTG-30); SDF-1 (forward,
50- CCC TTC AGA TTG TAG CCC GG; reverse,
50- CGA TCC CAG ATC AAT GTG CC-30);
b-actin (forward, 50-CAG AGC AAG AGA GGC
ATC C’; reverse, 50-CTG GGG TGT TGA AGG
TCT C-30). The reverse transcription PCR-
amplified samples were visualized on 1% agar-
ose gels using ethidium bromide.

Statistics

Results are expressed as mean � SEM.
Statistical significance of differences between
groups was analyzed by ANOVA followed by
Fisher’s t-test for comparison between any two
groups. Statistical significance was assumed at
a value of P< 0.05.

RESULTS

Hindlimb Blood Flow, Function, and
Ischemia Damage Recovery

To analyze limb blood perfusion of severe
ischemic hindlimb, LDPI analysis was per-
formed (Fig. 1A). Diabetic mice treated with
M-PBMNCs showed a significant improvement
in the restoration of flow after surgery com-
pared with PBS or HUVECs treated group
(68 and 51% increase, respectively, at day 28,
P< 0.05) (Fig. 1B). The improved flow recovery
was associatedwith improved hindlimb appear-
ance and function. Mice receiving PBS or
HUVECs had significant impairment of ambu-
latory function at day 28, and was much less in
theM-PBMNCs group (Fig. 1C). Similarly,mice
receiving PBS or HUVECs experienced severe
ischemic damage, resulting in a 40–45% inci-
dence of auto-amputation by day 28 (Fig. 1D,E),
compared to 15% inmice receivingM-PBMNCs.

Increase of Vessels With Less Apoptosis

At postoperative day 7, 14, 28, immunohisto-
chemical analysis of CD31, BS-1 lectin in the
ischemic tissuesdisplayedasignificant increase
in the capillary density following transplanta-
tion ofM-PBMNCs comparedwith theHUVECs
or PBS controls (Fig. 2A,B). Apoptosis was
drastically suppressed, as the number of
TUNEL-positive cells in M-PBMNCs group
was much less than those of the PBS group
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(Fig. 2C,D). The therapeutic action was also
evident at the arteriole level, as the arteriole
density of M-PBMNCs-treated muscles exceed-
ed by 63.5 and 56.9% that of PBS or HUVECs-
treatedmuscles, respectively,with the increased
encompassing vessels of nearly all sizes of
luminal diameter (Fig. 2E,F).

Participation of M-PBMNCs in
Neovascularization

In vitro incorporation of Dil-labeled M-
PBMNCs into unlabeled HUVECs networks
was identified (Fig. 3A:b). In vivo fluorescence
image showed implanted M-PBMNCs labeled
with Dil survived at days 14 and 28 (Fig. 3A:a).
A constellation of scattering transplanted cells
at day 28 was seen in the frozen sections of the
tissue (Fig. 3A:c). Serial scanningof tissueusing
confocal microscopy spatially disclosed the
incorporation of implanted cells into capillary
network in three dimensions (Fig. 3B). Some
M-PBMNCs (red, arrows) were found to be pro-
liferating in vivo (green) (Fig. 3C), and some
differentiated in situ into endothelial lineage

cells (Fig. 3D). To further verify these findings,
we use vWF to stain both human and murine
endothelial cells and identify some DilþvWFþ

cells (Fig. 3F), indicating transplanted human
cells participated into vascular network in vivo.

Contribution of Angioblasts and
Angiogenic Factors

The expression profile of cultured EPCs
included CD31 (84.9� 8.5%), vWF (63.7� 9.5%),
KDR (61.3� 14.3%), VE-cadherin (74.6� 12.6%),
CD34 (38.5� 14.1%) and were negative for T
or B lymphocyte markers (data not shown).
In addition, most of the attached cells have
endocytose acLDL and bound UEA (Fig. 4A).
Significantly more EPCs developed from M-
PBMNCs at day 7 of culture compared with the
control (124� 10.2 vs. 75� 8.3 per �200 field,
P< 0.05) (Fig. 4B), suggesting that more angio-
blasts were available in M-PBMNCs. By RT-
PCR, we detected that M-PBMNCs contained a
group of angiogenic factors and cytokines,
including VEGF, bFGF, TGF-b, TNF-a, IL-1b,
and SDF-1 (Fig. 4C RT-PCR). Western blotting

Fig. 1. Improved blood perfusion and function.A: Representative LDPI. In color-coded images, high blood
flow is depicted in red, while low perfusion is displayed as blue to dark.B: Quantitative analysis of perfusion
recoverymeasured by LDPI at each point. n¼ 5. *P<0.05 versus PBS,þP< 0.05 versus HUVECs.C: Effects
on ambulatory impairment (*P< 0.05). n¼20.D: Representative macroscopic photographs showing three
different outcomes. From top to bottom: salvage; necrosis; amputation. E: Percent distribution of above
outcomes among diabeticmice receivingM-PBMNC,HUVECs, or control PBS (n¼20). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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revealed significantly higher local adductor
muscle production of bFGF and VEGF in those
mice receiving M-PBMNCs and BM-MNCs
compared with mice receiving PBS (Fig. 4C
Western). To confirm thatM-PBMNCs secreted
arteriogenic cytokines in vivo, sections were
examined for colocalization of M-PBMNCs and
VEGF and bFGF (arrows indicate VEGFþDilþ

or bFGFþDilþ cells, Fig. 4D). Serial scans
of vessels using confocal microscopy spatially
disclosed in three dimensions the distribution of
pericytes/SMCs (red) marked by a-SMactin
around the endothelial cells (green, Fig. 4E).
Nuclei were shown in blue (Fig. 4F). So the
pericytes/SMC and ECs were demonstrated
by using different antibodies, which did not

Fig. 2. Increased capillary density and decreased apoptosis.
A: Endothelial cells were stained with BS-1 lectin, CD31. B: By
CD31, capillary/fiber ratio significantly increased in mice
receiving M-PBMNCs versus HUVECs or PBS. C,D: Positive
nuclei for DNA fragmentation (a,c) were revealed in green, and
sectionswere counterstainedwithDAPI (b,d). Less apoptosiswas
detected in sections of M-PBMNCs-treated muscles (c,d) than

PBS group (a, b). Bar¼50mm, n¼5. E: Representative figures of
arterioles (green) in M-PBMNCs treated or PBS injected tissue.
F: Arteriole density of different sizes significantly increased in
diabetic mice receiving M-PBMNCs versus HUVECs or PBS at
4 week postoperatively (n¼ 5 for each group). [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Fig. 3. Survival, migration, proliferation, differentiation, and
vessel incorporation of M-PBMNCs in vivo. A: Angiogenesis like
network was observed 24 h after coculture of HUVECs and Dil-
labeled M-PBMNCs on matrigel (b). In vivo fluorescence image
ofmice (a) shows transplantedM-PBMNCs (red arrows) and food
fluorescence (green arrows). Implanted M-PBMNCs (c) were
sprouting from a place near the cell injection site indicated by
*, and they (arrows) further migrated into the interstitial regions
among preserved skeletal myocytes (M). B: A series of 40 focal
plans was acquired 3 mm apart (a–h). Notice the Dil-labeled

M-PBMNCs (arrows) incorporated into the vasculature deli-
neated by the green fluorescence (BS lectin-1), while some had
not incorporated into vasculature (arrowheads). C: Arrows
indicate Ki67þDilþ cells, while arrowhead suggests murine
proliferating cells. D: Human EC specific marker UEA identifies
transplantedM-PBMNCs (Dil) as endothelial lineagecells (green,
arrows). E: M-PBMNCs (red, arrows) participated in vessel
network indicated by vWF (green). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]



cross-react with each other. Dilþ-labeled
M-PBMNCs (red) were found to incorporate
into vessel and were a-SMactin positive (green,
Fig. 4G), indicating some M-PBMNCs acquired
smooth muscle cell marker and may contribute
to the maturation of forming vessels.

Proangiogenesis Ability of
M-PBMNCs and its CM

We used the matrigel plug as angiogenesis
induction method to study the in vivo role of
VEGF, bFGF, M-PBMNCs, and CM. When the

Fig. 4. Supply of abundant angioblasts and angiogenic factors.
A: The attached cells of M-PBMNCs and BM-PBMNCs took up
Dil-AcLDL (red) and bound FITC-UEA (green). B: Quantification
of attached cells showed that more EPCs could be cultured from
blood cells after mobilization. C: RT-PCR showed M-PBMNCs
contained many kinds of angiogenic factors and cytokines,
including VEGF, bFGF, TGF-b, TNF-a, IL-1b, TNF-1. Western
blotting (day 7) demonstrating that injection of M-PBMNCs
increased local production of VEGF and bFGF compared with
PBS injection. Actin was used as control.D: Expression of VEGF,

bFGF in vessel walls (green) corresponded to red M-PBMNCs
(arrows), and paracrine secretion of VEGF/bFGF in murine cells
could be noted (arrowheads). E,F: 3-D figure of vessel that are
covered with pericytes/SMCs (red) outside the ECs (green).
Nuclei are stained in blue (right panel). G: Some Dil-labeled
M-PBMNCs (red, arrows) showed a-SMactin positive (green).
Nuceli are stained in blue. Bar¼50 mm. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Matrigel plugs were implanted subcutaneously
into the flank ofmice, angiogenesis was induced
with the various stimulators in the Matrigel.
We applied fluorescence imaging as a novel
method for detection of vessel formation in
the matrigel. Figure 5A shows the process of
unmixed pseudocolor images from original
RGB images by using CRI Maestro in vivo
imaging system. In the pseudocolor images,
matrigelþDil-cells were shown red fluorescence
while matrigel without Dil-cells (control) exhib-
ited no red fluorescence. Mice injected with
FITC-BS lectin-1 were shown in green fluores-
cence except for the matrigel-injected area. For
the control mice, no green fluorescence was
detected. At day 21, M-PBMNCs containing-
matrigel plug (red) was infiltered by green
fluorescence (BS-1 lectin). Since systematically
injected BS lectin (green) could only reach
tissue that was supplied with blood vessels,
green fluorescence in the matrigel plug suggest
that vessels had penetrated the matrigel
(Fig. 5B). At day 21, most area of M-PBMNCs
containing-matrigelwas covered ingreen,while
the control still exhibited area without vessel
supply. These data suggest that M-PBMNCs,
when transplanted in vivo, can promote vessel
growth. Figure 5C shows the macroscpic view,
HE and CD31 staining of matrigel plugs.
Arrows indicated vessels with erythrocytes in-
side. More vessels were observed in the groups
impregnated with VEGF, bFGF, M-PBMNCs,
or CM than in the control (Fig. 5C).

Local Delivery Versus Systemic Delivery

We delivered M-PBMNCs to mice systemi-
cally by intravenous injection as well as locally
by intramuscular injection. To detect the trans-
planted cells, sections of different tissues were
compared under fluorescence microscopy. A
great many Hoechst-stained circulating mono-
nuclear cells (blue) delivered intravenously into
mice were detained in the liver and spleen, but
seldom seen in the heart or nonischemic limb
(upper panel, Fig. 6). When Dil-labeled M-
PBMNCs were delivered locally to the ischemic
hindlimbs, few cells could be detected in tissues
outside the ischemic limb (lower panel, Fig. 6).

DISCUSSION

Therapeutical implantation of M-PBMNCs
into severe ischemic hind limb resulted in the
promotion of limbperfusion and functionaswell

as amelioration of ischemia damage. The trans-
plantation of M-PBMNCs for ischemic limbs
in diabetes was effective, suggesting it was a
promising alternative approach for diabetic
complications. We demonstrated the survival,
migration, proliferation, differentiation of M-
PBMCs into EC-lineage and a-SMactinþ cells in
situ, and their incorporation into murine capil-
lary vessel walls. In addition, they also supplied
angiogenic cytokines (e.g. VEGF, bFGF) that
promoted vessel growth in ischemic hindlimbs.
Augmented vessel formation in matrigel plug
confirmed the proangiogenic ability of M-
PBMNCs.

In our experiments, we chose diabetic mice
model instead of normal one to mimic the
clinical settings. Diabetes impaired the ther-
apeutic efficacy of bone marrow cells transplan-
tation for limb ischemia [Tamarat et al., 2004].
This was due to microagniopathy induced by
diabetes [Emanueli et al., 2002] and reduced
number as well as dysfunction of EPCs from
STZ-mice (data not shown). EPCs have an
important role in repairing injured vessels by
migrating to ischemia sites and forming new
vasculature de novo (vasculogenesis) [Asahara
et al., 1997; Asahara et al., 1999a]. The
therapeutic efficacy of these dysfunctional
EPCs from STZ-mice was compromised. In
addition, less number of both capillaries and
arterioles could be detected during the time
course of diabetes [Currie et al., 1998]. As a
result, the efficacy of M-PBMNCs in STZ-mice
differ from that in normal (no STZ treatment)
nude mice. In this sense, selection of different
animal models may greatly influence the final
data, thuswe choseSTZ-mice, instead of normal
mice.

Therapeutic neovascularization is an impor-
tant strategy to salvage tissue from critical
ischemia and the cell-based therapeutic strat-
egy in augmenting neovascularization is now
a new research focus. BM-MNCs have been
shown to enhance angiogenesis in animal and
human ischemic hindlimbs or infracted myo-
cardium [Ikenaga et al., 2001; Kocher et al.,
2001; Shintani et al., 2001]. However, BM could
not always be available due to various reasons
such as chemotherapy, radiotherapy, or heavy
tumor infiltration. It is also difficult to collect
sufficient quantity of bone marrow for such
transplantation. M-PBMNCs have several
advantages [Pecora et al., 2002]. Aftermobiliza-
tion, they may contain far more CD34þ cells
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Fig. 5. Angiogenesis in matrigel plug. A: RGB images were
obtained, computed, unmixed and added with pseudocolors.
Mice transplanted in the right flank with matrigel were used as
a control (matrigelcontrol) for mice transplanted with matrigelþ
Dil-labeled M-PBMNCs (matrigelcells). Mice injected intrave-
nously with PBS were selected as control for mice injected with
BS-1 lectin (FITC). B: Representative images of mice transplanted
with matrigelcontrol or matrigelcells. At day 1, red fluorescence was
detected inmatrigelcells, and the greenfluorescence surrounded its

margin. Neither red nor green fluorescence was observed in
matrigelcontrol area. At day 21, infiltration of green fluorescence
could be detected in matrigelcells, and merge of red and green
fluorescencewere shownasyellow.C:Macroscopic view,HEand
CD31 staining revealed vessels (arrows) in VEGF, bFGF groups,
but seldom in the control group. M-PBMNCs and CM also
stimulated vessel growthcomparedwith the control. Bar¼ 50mm.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]



than steady-state BM [Korbling and Anderlini,
2001]. The various mobilization regimens lead
to a concentration of CD34þ cells in the
peripheral blood that is similar to, or even
higher than that in steady-state bone marrow
[Jansen et al., 2005]. Murohara and colleagues
discovered that when CD34þ and CD34� cells
were separately cultivated and the number of
EPCs was counted 7 days later, more EPCs
developed from CD34þ group [Schatteman
et al., 2000]. Their result supports our findings
that more EPCs could be cultured from mobi-
lized blood cells since they contained more
CD34þ cells. Our results showed that CD34þ

cell abundant M-PBMNCs augmented the
ischemia-induced neovascularization, which
was in accordance with the previous data that
CD34þ cells accelerate the rate of blood-flow
restoration in mice undergoing neovasculariza-
tion due to hindlimb ischemia [Schatteman
et al., 2000].
The improved limb perfusion with salvage

of the severely ischemic limb was related to
reduced apoptosis and increased capillary pro-
liferation. Injection of M-PBMNCs attenuated
the EC apoptosis, as they migrated into inter-
stitial regions of skeletal muscles, attached to
and incorporated with the murine ECs. Such
physical cell-to-cell contact may be crucial for
the survival of apoptotic ECs, and can augment
neovascularization by provoking murine ECs
proliferating [Murohara et al., 2000]. In addi-

tion, M-PBMNCs were found to attach to the
vessel wall and some differentiated into smooth
muscle cells, which promoted the maturation
and stabilization of newly formingbloodvessels.

Poor blood vessel growth in ischemic limbs
and increased angiogenesis in retinal compli-
cations is a ‘‘diabetic paradox’’ [Fadini and
Avogaro, 2006]. This is attributed to the
differential regulation of angiogenic factors in
the retina versus the systemic circulation.
Although systemic increase of mononuclear
cells has been reported to benefit hindlimb
ischemia, we intentionally choose local M-
PBMNCs for the present study to avoid abnor-
mal vasculogenesis in other tissues, especially
the retina. The absence of obvious transplanted
cells in organs outside the injected hindlimb
(Fig. 6) suggested the safety of this approach.
Moreover, local transplantation of M-PBMNCs
directly brought the angioblasts into the patho-
logical foci where progenitor cells could begin a
reparative role. M-PBMNCs can also secrete a
cocktail of cytokines that promote angiogenesis.
Elevated VEGF expression in adductor muscles
was a result ofM-PBMNCs transplantation, but
not a result of severe ischemia, since HIF-1a
was not significantly elevated in the adductor
muscels (Data not shown). In situ secretion of
VEGF and bFGF by M-PBMNCs triggered the
proliferation of ECs and the paracrine secretion
of VEGF and bFGF by murine cells might be
partly related to the angiogenic surroundings

Fig. 6. Systemic versus local transplantation.Mice vesselswere
stained with FITC-BS lectin-1 (green). Intramuscularly delivered
M-PBMNCs were labeled with Dil (red), while intravenously
delivered M-PBMNCs were stained with Hoechst 33342 (blue).
A greatmany circulatingmononuclear cells (blue)were detained
in the liver and spleen, but seldom seen in heart or nonischemic

limb (upper panel). When Dil-labeled M-PBMNCs were de-
livered locally into ischemic hindlimbs, few cells could be
detected in tissues outside the ischemic limb (lower panel).
[Color figure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]
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(Fig. 4D). Thus, these cells may alter the local
VEGF levels by producing the factor themselves
as well as by secreting MMPs that release
extracellular matrix-bound VEGF [Bergers
et al., 2000]. What is more, since VEGF could
contribute to postnatal neovascularization by
mobilizing bone marrow-derived EPCs [Asahara
et al., 1999b], VEGF secreted by M-PBMNCs
may also induce mobilization of stem cells
in vivo.

CD34þ cells were believed to be a rich source
of EPCs [Murohara et al., 2000], and mobiliza-
tion increased the number of CD34þ cells in M-
PBMNCs. Despite the important role of CD34þ

cells, some CD34– cells can also take part in the
capillary network, and their cell-to-cell interac-
tions with CD34þ cells may influence the roles
of CD34þ cells in vivo. While EPCs can also be
derived from CD34� cells or CD14þ monocytes
[Harraz et al., 2001], the ability of monocytes/
macrophages in differentiating into EPCs
should also be considered. Monocytes appear
to be central to arterial remodeling in tissues
undergoing arteriogenesis, accumulating at
sites of collateral artery growth and angiogen-
esis [Arras et al., 1998]. Because M-PBMNCs
contain abundant monocytes, it remains to be
determined whether the improvement was in
part aided by the monocytic cell fraction. As a
simple, safe, effective, and novel therapeutic
approach for diabetic complications [Huang
et al., 2005], the full potential of M-PBMNCs
transplant merits further investigation.
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